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The organization of bristles on the Drosophila notum
has long served as a popular model of robust tissue
patterning. During this process, membrane-tethered
Delta activates intracellular Notch signaling in neigh-
boring epithelial cells, which inhibits Delta expres-
sion. This induces lateral inhibition, yielding a pattern
in which each Delta-expressing mechanosensory
organ precursor cell in the epithelium is surrounded
on all sides by cells with active Notch signaling.
Here, we show that conventional models of Delta-
Notch signaling cannot account for bristle spacing
or the gradual refinement of this pattern. Instead,
the pattern refinement we observe using live imaging
is dependent upon dynamic, basal actin-based filo-
podia and can be quantitatively reproduced by simu-
lations of lateral inhibition incorporating Delta-Notch
signaling by transient filopodial contacts between
nonneighboring cells. Significantly, the intermittent
signaling induced by these filopodial dynamics
generates a type of structured noise that is uniquely
suited to the generation of well-ordered, tissue-wide
epithelial patterns.
INTRODUCTION
Tissue patterning and morphogenesis are often treated as sepa-
rate biological phenomena. However, the two processes are
tightly coordinated during development, as groups of interacting
cells establish robust, self-organizing patterns of gene expres-
sion as they divide, change forms, and neighbors (Ashe and Bris-
coe, 2006; Lecuit, 2008). Understanding these developmental
dynamics is an important challenge in biology. The pattern of
mechanosensory bristles (macrochaetes and microchaetes) on
the dorsal thorax of the fly has long been used as a system in
which to study pattern formation (Simpson et al., 1999; Usui
and Kimura, 1993; Wigglesworth, 1940). Whereas macrochaetes
are placed relatively precisely on the thorax in response to a
complex prepattern laid down during earlier stages of develop-78 Developmental Cell 19, 78–89, July 20, 2010 ª2010 Elsevier Inc.ment, microchaete spacing varies between genetically identical
animals (Usui and Kimura, 1993; Wigglesworth, 1940). Micro-
chaete spacing, which is regulated by Delta and Notch mediated
‘‘lateral inhibition’’ (see Figure 3A for diagram) is therefore
thought to be self-organizing (Artavanis-Tsakonas et al., 1999;
Hartenstein and Posakony, 1990; Heitzler and Simpson, 1991;
Kooh et al., 1993; Parks and Muskavitch, 1993; Simpson et al.,
1999; Usui and Kimura, 1993; Wigglesworth, 1940); making it
an ideal developmental system in which to study the dynamic
dialog between signaling and morphogenesis. During the devel-
opment of this pattern of gene expression, physical interactions
between membrane-bound Delta ligands in signaling cells and
Notch receptors on the surface of receiving cells trigger an intra-
cellular Notch signal. Because active Notch signaling represses
the ability of a cell to express Delta and other proneural genes
(Tien et al., 2009), once signaling is initiated, stochastic fluctua-
tions in the levels of surface Notch and Delta in adjacent cells can
trigger lateral inhibition. This generates a stable pattern of gene
expression in which each Delta-expressing precursor cell,
destined to give rise to a mechanosensory organ, ends up
surrounded on all sides by epithelial cells with active Notch
signaling (Artavanis-Tsakonas et al., 1999; Collier et al., 1996;
Hartenstein and Posakony, 1990; Usui and Kimura, 1993).
While work by many groups has identified critical molecular
regulators involved and the initial steps in patterning in fixed
tissue (to show, for example, that lateral inhibition patterns the
Drosophila dorsal thorax between 8 and 16 hr after pupa forma-
tion [APF]; Hartenstein and Posakony, 1990), with few epithelial
cells taking on a bristle fate after 18 hr APF (Usui and Kimura,
1993), relatively few studies have followed the process in living
cells or tissues (Levitan and Greenwald, 1998; Masamizu et al.,
2006; Renaud and Simpson, 2002). Nevertheless, recent studies
in the mouse, chick, and other vertebrates have suggested
that patterning is accompanied by complex and unexpected
Delta-Notch signaling dynamics (Ozbudak and Lewis, 2008;
Masamizu et al., 2006). Here, to explore the dynamics of lateral
inhibition mediated patterning in Drosophila we have simulta-
neously imaged gene expression markers characteristic of
Notch and Delta expression and cell shape dynamics during
the development of the notum. This has enabled us to determine
the path of patterning, as an initially disordered pattern of cells
expressing early markers of proneural gene expression is refined
to generate a highly ordered pattern of bristles in the adult. In
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Figure 1. Gradual Refinement of the Bristle
Precursor Pattern in the Drosophila Notum
(A–A00 00 0 ) A row of Neu-GFP cells is shown as the
pattern refines over pupal development within an
E-Cadherin-GFP labeled epithelium. Small arrows
indicate Neu-GFP cells that fail to become bristle
precursors. Large arrow indicates the late appear-
ance of a bristle precursor in place of an adjacent
one that was poorly positioned.
(B–B0) Cells marked in red develop into bristle
precursor cells, those in blue lose proneural gene
expression, and cells marked green are basally
extruded.
(C) Graphs show total number of Neu-GFP cells
(black), cumulative Neu-GFP count (blue), cells
that have lost Neu-GFP expression (green), or
were basally extruded (red) during development
in two flies.
(D) Changes in mean cell spacing and variance
(represented by error bars) during development
for three Neu-GFP flies (at 14 and 26 hr APF).
Epithelial adherens junctions are labeled with a
ubiquitously expressed E-Cadherin-GFP. Scale
bars = 10 mm. APF = After pupa formation.
Neu-GFP = Neuralized-GAL4, UAS Moesin-GFP.
(See Figure S1).
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with the results of a quantitative in silico model of Delta-Notch
signaling. This systems analysis establishes intermittent cell-
cell signaling mediated via dynamic actin-based basal filopodia
as a critical factor in the gradual refinement of the pattern during
lateral inhibition, something that is hard to achieve through con-
tinuous signaling. The result is the formation of a well-ordered
pattern of gene expression, as a prelude to mechanosensory
organ differentiation.
RESULTS
Gradual Refinement of the Bristle Precursor Pattern
By cutting a small window in the opaque pupal case, it is possible
to image the development of green fluorescent protein (GFP)-
labeled Drosophila pupae live, with relative ease (Renaud and
Simpson, 2002). Using this approach we were able to follow
the process of lateral inhibition in the hours after the cuticle is
laid down, at 12 hr APF (Figures 1A–1D).
Previous work has used markers in fixed tissue to show that
bristle patterning within the dorsal thorax of the fly is initiated
at8 hr APF and is largely complete prior to the onset of the rela-
tively synchronous asymmetric bristle precursor cell divisions at
16 hr APF (Usui and Kimura, 1993). These studies have also
shown that bristle patterning is mediated by Notch-Delta-depen-
dent lateral inhibition, since Notch signaling is required to
prevent excess bristle formation up until15 hr APF (Hartenstein
and Posakony, 1990). To follow his process live, we used Neural-
ized-Gal4, UAS-MoesinGFP (hereafter called Neu-GFP) as a
marker of precursor cell patterning (Boulianne et al., 1991). At
the same time, ubiquitously expressed E-Cadherin-GFP was
used to visualize apical cell-cell junctions in the tissue (Figures 1A
and 1B). Because of the time required for GFP expression and
folding (which we estimate as 1.5 hr, see below) the pattern
detected using Neu-GFP necessarily represents a view ofDrecently past events. Nevertheless, because very few cells in
the pupal notum divide before 16 hr APF (Hartenstein and Posak-
ony, 1989), it is possible to use this approach to follow the late
stages of lateral inhibition-mediated patterning (from 10.5 hr
APF to 16 hr APF).
It was clear from live imaging that cell movement contributes
little to the development of a well-ordered pattern during this
period of development (compare the pattern in Figure 1B at
14 hr APF with the pattern in Figure 1B’ at 26 hr APF; see Figures
S1A–S1C, available online). Significantly, however, when we
tracked the fates of GFP-labeled cells in individual animals
(labeled in Figure 1B and quantified for two representative
animals in Figure 1C), a gradual process of refinement was
observed as the initially disordered pattern steadily improved
with time (Figures 1A–1C; Figures S1A–S1C). Thus, at 12 hr
APF Neu-GFP was first seen within a relatively sparsely spaced
subpopulation of Cadherin-GFP marked epithelial cells (which
express Sanpodo, Cut, and Senseless, Figures S1D–S1G). By
14 to 16 hr APF this array of GFP-positive cells expressing
proneural markers appeared overcrowded and poorly organized
(Figures 1A–1C; Figures S1A–S1C). A well-ordered pattern then
emerged after 16 hr APF, as 25% of Neu-GFP cells residing in
densely packed regions of the notum downregulated proneural
gene expression (arrows in Figures 1A; blue cells in Figure 1B;
Figure S1). This led to a significant increase in the spacing of cells
destined to take on a sensory organ precursor (SOP) fate (as
measured by the expression of Neu-GFP, Sanpodo, Cut, and
Senseless) (Figure S1) and an accompanying 2.5-fold reduction
in the variance of the spacing of Neu-GFP cells (from 2.0 at 16 hr
APF to 0.8 at 26 hr APF) (Figure 1D).
The end of this period of refinement was concomitant with a
burst of cell division in the tissue. This led to a large number of
Neu-GFP positive cells now lacking markers of bristle precursor
identity (Figure S1) undergoing symmetrical epithelial divisions
(small arrow, Figure 1A00 0, and weak GFP-labeled epithelial cellevelopmental Cell 19, 78–89, July 20, 2010 ª2010 Elsevier Inc. 79
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Neu-GFP cells in crowded areas of the notum (several per fly)
were basally extruded from the tissue (small arrow, Figure 1A00,
and cells marked in green in Figure 1B), before undergoing
apoptosis (E. Marinari and B.B., unpublished data). Interestingly,
as shown previously (Usui and Kimura, 1993), Neu-GFP expres-
sion was initiated anew in a few isolated cells in sparsely
patterned areas of the tissue at these late stages (note appear-
ance of a cell expressing GFP at 20 hr APF labeled with the large
arrow in Figure 1A00 00, which takes the place of a cell that entered
mitosis at 17 hr and was destined to lose GFP expression; small
arrow in Figure 1A00 0).
Together, these data reveal plasticity in the development of
the pattern by lateral inhibition, which over an extended period
of time contributes to the development of a well-ordered pattern
by late pupal stages. Importantly, we were able to observe
a similar gradual refinement of the pattern using Phyllopod-
GFP as a marker (Mummery-Widmer et al., 2009) and in flies
expressing Moesin-GFP directly from a previously identified
fragment of the Neuralized enhancer (Figures S1A–S1C; data
not shown), showing that the pattern refinement observed using
Neu-GFP is not an artifact of the use of Neuralized and the Gal4/
UAS system (Brand et al., 1994). Because the Gal4-UAS system
amplifies gene expression, however, the GFP signal driven
directly by the Neuralized or Phyllopod enhancers was weak
(although 1.5 hr advanced in time when compared to Neu-
Gal4, UAS-GFP), making it harder to visualize pattern refinement
(Figures S1A and S1B; data not shown).
Although the subject of this analysis was pattern refinement
rather than subsequent cell differentiation toward a bristle fate,
to verify that visible changes in GFP expression downstream of
Neuralized accurately reflect broader changes in gene expres-
sion and the capacity of cells to engage in lateral inhibition, we
also labeled tissue with antibodies against Notch and Delta. As
expected, surface Notch protein was restored and surface Delta
protein lost in cells that had divided and begun to downregulate
Neu-GFP (Figures 2A and 2B). Similarly, at later time points,
other early markers that are routinely used to image bristle
precursors, Sanpodo (Dye et al., 1998), Cut, and Senseless,
were downregulated in cells expressing residual GFP that had
taken on an epithelial fate (Figures S1D–S1G). Moreover, when
we visualized E(spl)ma-RFP, a marker of Notch signaling (Castro
et al., 2005), along with Neu-GFP, as well as RFP marking
epithelial cells and GFP marking bristle precursors, we observed
a significant minority of cells undergoing a switch in gene expres-
sion. These included cells weakly expressing E(spl)ma-RFP
that went on to upregulate Neu-GFP expression as a prelude
to the development into a mechanosensory organ (Figures S2A
and S2B), together with cells with high levels of the reporter for
Notch signaling expressing residual levels of Neu-GFP as they
underwent a characteristically symmetric epithelial division in
regions of the notum relatively crowded with bristle precursors
(arrows in Figure 2C). These data using several markers to distin-
guish the two cell states involved in the lateral inhibition process,
reveal a significant but poorly described population of cells that
undergo plastic changes in Notch-Delta status as the result of
competition with nearby cells in the epithelium.
In order to prove that the observed refinement of the pattern
reflects the capacity of the lateral inhibition system to induce80 Developmental Cell 19, 78–89, July 20, 2010 ª2010 Elsevier Inc.self organization as previously suggested (Doe and Goodman,
1985; Hartenstein and Posakony, 1990; Heitzler and Simpson,
1991; Usui and Kimura, 1993; Wigglesworth, 1940), we carried
out a series of perturbations. First, we used a temperature-sensi-
tive Notch allele to inhibit Notch signaling in Neu-GFP expressing
flies at various times during development. When the shift to
the restrictive temperature was made before the pattern was
fixed (10–15 hr APF), loss of Notch signaling caused rows of
competent epithelial cells to take on a precursor cell fate and
to begin expressing Neu-GFP (Figures 2D–2F). After 15 hr APF,
however, the pattern gradually became refractory to the loss of
Notch (Figure 2F). These data suggest that pattern plasticity is
restricted to early pupal development, as previously suggested
based on the analysis of the effects of temperature-sensitive
Notch allele on microchaete spacing (Hartenstein and Posakony,
1990); becoming fixed as cells in the tissue begin to undergo
their final cell division.
Additionally, we used a nitrogen laser to ablate an isolated,
bright Neu-GFP cell within the notum at 14 hr APF (Figure 2G).
Within 3.5 hr of this procedure, a neighboring epithelial cell that
robustly expressed Neu-GFP had taken the place of the ablated
cell; as expected if the process of lateral inhibition is self
organizing and labile at 14 hr APF—as previously suggested
(Hartenstein and Posakony, 1990). (Note the appearance of
a weak GFP signal 1.5 hr after wounding puts an upper limit on
the time delay required to express GFP following a switch from
epithelial to bristle precursor fate).
Taken together, these experiments demonstrate that
Notch-Delta signaling underlies a gradual process of com-
petition-induced refinement of the lateral inhibition process.
This conclusion is supported by the finding that several known
regulators of Delta-Notch signaling (Neuralized and Bearded
family proteins) help mediate lateral inhibition (Chanet et al.,
2009). This analysis also shows that lateral inhibition is self
organizing, as predicted by classical experiments (Heitzler and
Simpson, 1991; Seydoux and Greenwald, 1989; Wigglesworth,
1940) and theoretical models of the process (Artavanis-Tsako-
nas et al., 1999; Lewis, 2003).Modeling Lateral Inhibition
To determine whether this pattern of spaced microchaetes and
the path of gradual pattern refinement can be explained by
a single process of Delta-Notch mediated lateral inhibition
(Figure 3A), we constructed a computer model of Delta-Notch
signaling based upon a well-established mathematical frame-
work that has been developed and analytically analyzed by
previous workers in the field (Collier et al., 1996; see Mathemat-
ical Model Methods and Supplemental Information for full
details). The model is defined by a set of coupled differential
equations, which describe the dynamical processes of gene
activation and inhibition between the signaling proteins in con-
tacting cells:
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Figure 2. Changes in Gene Expression Drive the Gradual Pattern Refinement via Lateral Inhibition
(A and B) Neu-GFP and endogenous Notch and Delta expression are shown in precursor cells and in pairs of cells following symmetric cell divisions, indicating
a loss of Neu-GFP expression (indicated by arrows).
(C and C0) Stills from a movie of a fly pupa expressing Neu-GFP (green) and E(spl)ma-RFP (red) shows that active Notch signaling is observed in a Neu-GFP
positive cell prior to that cell undergoing a symmetric cell division (arrow).
(D and E) Precursor cell spacing is shown in Notchts Neu-PonGFP flies at 15 hr APF following a 3 hr heat shock (from 12–15 hr APF) or, in parallel, after 3 hr at room
temperature.
(F)The graph shows the change inbristle precursor spacing innota ofNotchts fliesshifted toa restrictive temperature for 3 hratdifferent times (e.g.10–13 hrAPF) during
pupal development, relative to NeuGal4-GFP precursor spacing in the equivalent flies held at the permissive temperature (18C). The pattern is labile until 15 hr APF.
(G) A fly expressing Neu-GFP prior to (G) and following (G0) ablation of a Neu-GFP cell at 14 hr APF using a nitrogen laser. After wounding, a neighboring cell is
observed taking on a precursor fate to restore the pattern. Note the first signs of GFP expression at 1.5 hr after ablation. Scale bars = 10 mm. Error bars represent
standard deviation. (See Figure S2).
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These equations describe (1) the activation of Notch produc-
tion within each cell as a function of the levels of Delta expressed
by neighboring cells, (2) the inhibition of Delta expression by
active intracellular Notch signaling, and (3) the total Delta signal
received by a cell (Din), which is a summation of the level of Delta
in all contacting cells, scaled by a factor, a, which represents the
sensitivity of Notch signaling to the Delta input signal. N and D
refer to the quantity of active Notch and Delta in each cell.
Synthesis of N and D is controlled by switch functions parame-Dterized by a, b, k, h, and the associated production rates, RN
and RD, and the degradation of both proteins is governed by
two exponential decay rates, m and r.
As a realistic framework for simulations of lateral inhibition
using this mathematical framework, we generated a field of in-
teracting cells using cell shape, coordination, and geometry
data obtained from experiment (Figures 3B and 3C). Discrete
cells were then treated as autonomous units capable of ex-
pressing different levels of Notch and Delta (schematized in
Figure 3A and see Mathematical Model Methods) and of
communicating with one another via the three coupled differen-
tial equations described above. At the beginning of each simu-
lation a random noise term was used to establish the initialevelopmental Cell 19, 78–89, July 20, 2010 ª2010 Elsevier Inc. 81
Figure 3. Mathematical Modeling of Delta-Notch Mediated Lateral
Inhibition Cannot Replicate Wild-Type Bristle Precursor Spacing
(A) Schematic of Delta-Notch signaling. Surface Notch (N) is activated by Delta
(D) in contacting cells, which causes a downstream inhibition of Delta produc-
tion. Small fluctuations are amplified by this system to break symmetry.
(B) Computer simulations of Delta-Notch signaling in a 2D field of epithelial
cells (derived from C) or (D), a 1D line of cells with realistic sizes, yield stable
patterns of high Delta (red) or high Notch (blue) expression. Note that in the
2D model there is a strong tendency for small cells with fewer neighbors to
express high Delta.
(C and E) Gene expression patterns can be compared with patterns of gene
expression seen in nota labeled with Neu-GFP and E-Cadherin-GFP. The
density of the 2D simulated cell pattern (B) is 26%, compared to 7% coverage
by the pattern in (C). The spacing between red Delta cells in 1D simulations (D)
is 2.3 ± 0.02 average cell diameters, compared to a mean spacing of 4.6 ± 0.09
average cell diameters for precursor cells in rows from three wild-type flies at
23–25 hr APF. Scale bars = 10 mm. (See Figure S3).
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outcome of one such simulation in which the Delta signal was
transmitted between neighboring cells with common apical
cell-cell junctions (marked by Cadherin-GFP in Figure 3C).
Strikingly, this model of Delta-Notch signaling fails to reproduce
the sparse pattern of precursor cells seen in the real data
(compare Figures 3B and 3C; Delta-expressing precursor cells
covered 26% of model epithelia, as compared to 7% coverage
in the wild-type animal). This is the case even when a wide
range of parameter space was examined (Figure S3; see
Supplemental Experimental Procedures for details), demon-
strating that changes in parameters of signaling, either singly
and in combination, cannot simulate the gradual pattern refine-
ment seen in vivo (Figures 1A–1C, Figures S1A–S1C and S2).
Moreover, in simulations small cells tended to become bristle
precursors as the result of their receiving less inhibitory signals82 Developmental Cell 19, 78–89, July 20, 2010 ª2010 Elsevier Inc.from neighboring cells; something not observed in experimental
data.
Since similar patterns of spacing emerged in the equivalent
one-dimensional (1D) simulations (Figure 3D), we were able to
use a 1D model to systematically test the effect of order of
magnitude changes in all parameters and initial conditions on
patterning (Figure S3). In every case the model yielded densely
packed bristles (2.3 ± 0.02 cell diameters in the model as
compared to 4.6 ± 0.09 cell diameters in vivo [compare Figures
3D and 3E]), suggesting that the standard model of Delta-Notch
mediated lateral inhibition cannot account for the pattern of bris-
tles observed in vivo, as previously discussed (De Joussineau
et al., 2003; Heitzler and Simpson, 1991; Renaud and Simpson,
2001, 2002; Wigglesworth, 1940). Moreover, we confirmed (data
not shown) that simulations display similar behavior with
unchanged spacing when we used the model to test the possible
effects of cis inhibition in this system (del Alamo and Schweis-
guth, 2009; Miller et al., 2009).
Modeling Filopodial N-Dl Signaling
How then do Delta-expressing cells in the fly notum inhibit one
another over a distance of several cell diameters? Previous
work has suggested that cell-cell contact is required for optimal
Delta signaling, since Delta doesn’t function when expressed
as a diffusible signal in flies (Artavanis-Tsakonas et al., 1999;
Sun and Artavanis-Tsakonas, 1997); perhaps because optimal
Notch-Delta signaling requires physical forces acting on the
receptor-ligand pair (Ahimou et al., 2004). In searching for a
possible mechanism, we considered cell-cell signaling via
cellular extensions as a possible explanation for the observed
spacing (De Joussineau et al., 2003; Demontis and Dahmann,
2007; Ramirez-Weber and Kornberg, 2000; Renaud and
Simpson, 2001, 2002).
This led us to focus our attention on the lamellipodia and
filopodia, which we observed forming a lateral web extending
across several cell diameters at the basal side of epithelial cells
in the developing Drosophila notum (Figures 4A and 4B;
Georgiou and Baum, 2010). When we characterized their distri-
bution, length, and dynamics (Figures 4A and 4B; Figure S4),
these protrusions were found to differ in important ways from
those described by earlier studies (De Joussineau et al., 2003).
The protrusions appeared to be exclusively basal, were present
throughout the patterning process from 12 to 20 hr APF at
25C (Figure S4F) in all cells in the epithelium (Georgiou and
Baum, 2010), and were best seen in unfixed tissue. Significantly,
these filopodial protrusions also proved highly dynamic (Fig-
ure 4B)—with average lifetimes of 500 s (data not shown).
Moreover, for many pairs of nearby Neu-GFP cells, GFP-positive
basal protrusions were seen engaging in sustained physical
interactions in the hours preceding a change in cell state; before
one of the two competing cells delaminated from the epithelium
or underwent a symmetric epithelial-type division (Figures 4C–
4F). Significantly, this is close to the time at which we expect
the change in cell state to occur, based on the time required to
observe a change in the expression of Neu-GFP. These data
implicate basal filopodia in the process of lateral inhibition.
To test whether basal filopodia directly contribute to bristle
precursor spacing in this system, we adapted our model of
Delta-Notch signaling to determine the likely effects of different
A A' A''
B B' B'' B''' B''''
0 sec 75 sec 150 sec 225 sec 300 sec
C C' C'' C'''
D D' D'' D'''
E E' E'' E''' E''''
F F' F'' F''' F''''
14h APF 15.5h 17h 20h
14h APF 16.5h 24.5h 25.5h20h
5µm 11µm0µm
Figure 4. Filopodial to Filopodial Touching Precedes Bristle Precursor Pattern Refinement
(A–A00) An apical-basal scan through the epithelial monolayer of Neu-GFP flies during patterning (distances from the apex as labeled) reveals basal lamellipodial
and filopodial extensions.
(B–B00 00) Basal filopodia are dynamic and exhibit lifetimes of 500 s (data not shown).
(C–F) Apical (C and E) and basal (D and F) confocal slices showing basal interactions between cells that precede apoptosis (arrow C00) or a symmetric cell division
(arrow E’) by 3 hr as measured using the Gal4-UAS system. (See Figure S6).
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precursor spacing. The model is schematized in Figure 5A. It
comprises a row of adjacent cells that are assigned apical
cell-cell interfaces (A), basal lamellipodia (L), and filopodia (F),
whose length distributions and dynamics were taken directly
from biological data (Figure S4E). We focused our analysis on
four potential mechanisms of signaling illustrated in Figure 5A:
(1) signaling across apical adherens junctions, (2) lamellipodia
to lamellipodia signaling, (3) filopodia to lamellipodia signaling,
and (4) filopodia to filopodia signaling.
The algorithm used to model these different modes of intercel-
lular Notch-Delta signaling based on equations 1 to 3, above, is
described in Table S1. For this analysis, filopodia were modeled
based upon an average lifetime, and a characteristic length and
variation in length derived from experimental data. Although
stable patterns emerge in each case (Figure 5B), Delta-express-
ing cells remain densely packed in simulations modeling apical
or lamellipodial signaling. When we modeled static filopodia
(by fixing the distribution of protrusion lengths implemented at
the first time step for the entire simulation), the mean spacingDwas 3.8 ± 0.04 cell diameters, well below the lower limit of
spacing observed in wild-type flies, and patterns of Delta-ex-
pressing cells were poorly ordered (Figure 5B).
Significantly, however, when we simulated realistic filopodia
(based on data in Figure S4, Filopodia length = F_ m = 1.4 cell
diameters, standard deviation = F_s = 0.3 and F_rate = 0.01,
equivalent to a mean filopodial lifetime of 100 time steps in the
model and 500 seconds of developmental time for a pattern
that stabilizes within 7.5 hr), the model was found to generate
a stable pattern very close to that observed in flies (final spacing
in the model was 4.5 ± 0.04 cell diameters between precursor
cells, as compared with 4.6 ± 0.09 in the fly). As shown for the
model of apical signaling (Figure S3), this result was extremely
robust to changes in parameter values governing Notch-Delta
signaling itself (data not shown). As expected, the inclusion of
protrusions in simulations also removed the bias seen in models
of apical signaling against cells with small apical domains
becoming bristle precursors (data not shown).
Similar results were obtained using equivalent two-dimen-
sional (2D) models that enable nonneighboring cells to signalevelopmental Cell 19, 78–89, July 20, 2010 ª2010 Elsevier Inc. 83
Figure 5. Development of a Quantitative Model of Lateral Inhibition Mediated by Dynamic Filopodia
(A) Four mechanisms of signaling: (1) Apical to apical, (2) lamellipodia to lamellipodia, (3) filopodia to lamellipodia, and (4) filopodia to filopodia, modeled in 1D
(Table S1).
(B) For each model, mean spacing from 30 simulations of 100 cells is shown together with an example model output. In vivo dynamics were simulated, except in
case of ‘‘static’’ filopodia. The spacing measured in simulations is only comparable to that measured in vivo (Figure S4) when the model includes signaling
between dynamic filopodia. ± represents standard error of the mean.
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Experimental Produres and Table S2 for details). Interestingly,
when we used a simplified 2D model to test the effects of altered
filopodial density (connections between nonadjacent cells) and
lifetimes (equivalent to seconds, minutes, and hours of develop-
mental time) on the ability of Notch-Delta signaling to generate
an orderly pattern across an entire epithelial field (see Supple-
mental Experimental Procedures), both variables proved critical
(Figure 6 ; Figure S5). Thus, patterns failed to stabilize in models
of cells communicating via low numbers of relatively immobile
filopodia (light-gray boxes in Figure 6A). Conversely, signals
mediated by static filopodia yielded stable, but poorly ordered
patterns (dark-gray boxes in Figure 6A). Pattern order was some-
what improved in simulations where lateral inhibition was
modeled as being mediated by relatively large numbers of
filopodia with lifetimes on the order of seconds—in this case
the stable pattern that first emerged remained fixed despite
being suboptimal (dark-gray boxes in Figure 6A).
It was only at intermediate regimes, however, when cell-cell
signaling was modeled using filopodia with lifetimes of the order
of 100–1000 seconds (based on a total patterning time of7.5 hr
in which each cell contacts R50% of the cells lying within
a range of 2 cell diameters [R6 neighbors at R2]), that we
observed a process resembling development of the bristle
pattern in vivo, in which the pattern appeared plastic. Within
this region of parameter space, patterning gradually improved
over time (Figure 6A) as the transient loss of inhibitory cell-cell
contacts enabled the positions of suboptimally spaced Delta
positive cells to shift (Figures 6B–6F). While the inclusion of
dynamic filopodia in the model increases the duration of the
entire patterning process, this type of intermittent signaling
enables the system to explore different modes of packing and84 Developmental Cell 19, 78–89, July 20, 2010 ª2010 Elsevier Inc.to thereby optimize patterning across the entire epithelial field
(Figures 6E and 6F).
Notch and Delta on Filopodia
Since this model relies upon basal Delta-Notch localization and
signaling (Sasaki et al., 2007), it was important to test the effects
of altering the relative strength of apical-apical and basal-basal
signaling in this system. Surprisingly, as seen in Figure 6H,
over the broad parameter regimes tested, robust filopodial-
mediated cell-cell spacing dominated even when relatively low
levels of basal signaling were used (equivalent to 103 times
smaller than apical signaling in representative simulations).
And, when we measured the distribution of Notch and Delta
molecules in vivo, we found that both were detected basally,
despite being concentrated within the subapical domain of
epithelial cells. In line with previously published estimates
(Bender et al., 1993; Fehon et al., 1991; Sasaki et al., 2007),
22% of Notch (n = 59) and 40% Delta (n = 50) were found basally
in data from >3 flies. Thus, the theoretical analysis suggests that
if it is able to signal (Benhra et al., 2010), this population of basally
localized Delta and Notch will likely dictate bristle spacing.
Testing the Role of Filopodia in Vivo
To test the role of protrusion dynamics in the patterning process,
we searched for actin regulators whose function could be
perturbed to reduce the length and dynamics of basal protru-
sions while minimizing changes to cell shape, polarity, and
size, and without compromising junctional endocytosis (Geor-
giou et al., 2008) or epithelial organization (Speck et al., 2003;
Mummery-Widmer et al., 2009). Having identified SCAR and
Rac as key regulators of basal filopodia formation in the notum
(Georgiou and Baum, 2010), we carried out the perturbation in
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Figure 6. Pattern Refinement Requires
Intermittent Signaling Mediated by Filopo-
dia with Intermediate Dynamics
(A) 2D simulations of lateral inhibition were run for
40,000 time steps using different combinations of
filopodia density (in terms of the number of neigh-
borhood connections at a distance of 2 cell diam-
eters [R2], defined by a contact probability) and
different average filopodial lifetimes (equivalent
to developmental times on the order of hours,
minutes, and seconds). Distinct outcomes are
represented by a gray scale such that dark gray
represents patterns that stabilize quickly (with
static filopodia or with very rapid protrusion
dynamics), medium gray represents a refining
pattern, and light gray represents patterns that
fail to stabilize within the allotted time period (see
Table S2).
(B–F) These different types of simulation were also
visualized in 2D (see also Figure S5 for an analysis
using realistic cell packing). Example outputs from
the model are shown with cells high in Delta
labeled in red. The coefficient of variation denotes
the variance in bristle precursor cell spacing.
(B) Static filopodia yield a poorly organized pattern
that anneals quickly.
(C) Slow filopodia prevent the pattern from settling.
(D) Fast filopodia quickly yield a good but subop-
timal pattern.
(E and F) Intermediate filopodial dynamics
generate a pattern that improves with time as it
shifts toward an optimal pattern with respect to
the entire tissue.
(G) Pattern refinement can also be visualized using
the coefficient of variation in spacing between
nearest Delta cells. This was calculated and
plotted over time for filopodia contacting 50% of
nonadjacent neighbors with fast (dark gray) or
intermediate (light gray) lifetimes, yielding a fixed
or refining pattern, respectively.
(H) When apical and basal filopodial signaling are
combined, robust spacing is achieved even with
very low amounts of basal Delta signaling (equiva-
lent to 1/1000 of the apical signal). Dotted red line
indicates apical-basal Delta levels derived from
published data (Sasaki et al., 2007).
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Dynamic Filopodia Promote SOP Pattern Refinementtwo ways. First, we generated large epithelial clones of scar
mutant tissue using the Mosaic Analysis with a Repressible
Cell Marker (MARCM) technique together with Neu-Gal4 (Geor-
giou et al., 2008; Lee and Luo, 2001) to positively label precursor
cells within epithelial tissue entirely lacking extensive, dynamic
basal protrusions (Figures 7B and 7E). Second, we used Neu-
Gal4 to express a dominant-negative version of Rac as well
as the GFP reporter, in order to test the effects of specifically
perturbing filopodia in Neu-GFP cells during the observed period
of pattern plasticity and refinement (Figures 7C and 7F). In both
cases, empirically determined filopodial lengths and dynamics
from these experiments were fed into the model, taking into
account the distribution of affected cells (see Supplemental
Experimental Procedures).DWe then compared in vivo spacing (Figures 7A–7C) with
precursor spacing predicted by the model (Figure 7G). The
results of simulations using these parameters revealed marked
reductions in precursor cell spacing induced by the loss of
filopodia. Significantly, these data were in good agreement with
the observed spacing for both RacN17 expressing nota (model
spacing = 3.6 ± 0.03 cf. real spacing = 3.7 ± 0.2) and scar mutant
clones (model spacing = 2.5 ± 0.02 cf. real spacing = 2.7 ± 0.1). In
addition, there was a noticeable increase in bristle precursor cell
disorder in both types of simulation, as predicted for genes that
severely impair protrusion dynamics. Finally, as predicted by
the model (Figures 6A, 6E, and 6F), the loss of protrusion
dynamics reduced the incidence of changes in pattern refine-
ment that follow from intermittent signaling (Figure 7H).evelopmental Cell 19, 78–89, July 20, 2010 ª2010 Elsevier Inc. 85
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Figure 7. Dynamic Filopodia Are Required for Well-Ordered and Spaced Bristle Precursors
(A–C) Images show the three rows of Neu-GFP cells closest to the midline (located at the bottom of the image) at 14 hr APF in a wild-type pupa (A) in a positively
labeled scar mutant clone (B) and in a pupa expressing a dominant-negative Rac (RacN17) specifically in the bristle precursor cells under the Neuralized-Gal4
driver (C). Reduced spacing is evident in (B) and (C). Dotted line in (B) represents the edge of the scar mutant clone.
(D–F) Basal confocal sections illustrate characteristic filopodial extensions in each case.
(G) A comparison of bristle precursor spacing in wild-type, scar mutant, or RacN17 expressing tissue with model simulations in which the signaling ranges have
been parameterized using distributions obtained from measurements of basal protrusions for each case (see Figure S4 and Table S1).
(H) Images show Neu-GFP cells in wild-type, scar mutant animals, and in animals expressing Neu-Gal4; UAS-Rac-N17 at early (14 hr APF) and late (42 hr APF)
pupal stages to reveal pattern refinement. Pattern refinement is prevalent in wild-type animals but is rarely seen in scar mutant (arrows) or Rac-N17 expressing
tissue, where filopodial dynamics are inhibited. Note the normal differentiation of mechanosensory organs in scar mutant tissue. This is defective in cells
expressing Rac-N17. Scale bars = 10 mm. ± represents standard error in the mean. SD represents standard deviation.
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The analysis of lateral inhibition in the notum described here
reveals an extended period of plasticity during pupal develop-
ment in which a gradual process of pattern refinement takes
place, after which cells take on an epithelial fate or undergo an
asymmetric division to initiate the development of the mechano-
sensory organ. Importantly, the path of this pattern formation
process and the final spacing observed can be quantitatively
reproduced using a model of Delta-Notch signaling in which cells
are able to exchange signals via a population of dynamic, basal
filopodia (parameterized based on in vivo observations) that
interact over a distance of several cell diameters. As quantita-
tively predicted by a model of filopodia to filopodia signaling,
changes in protrusion length and dynamics lead to correspond-
ing changes in bristle spacing (Figure 7), implying the involvement
of filopodia in both signal sending and receiving cells. Moreover,
the model suggests that protrusions are likely to determine the
spacing of bristle precursors even in instances in which they
transmit the minority of the total Delta-Notch signal (Figure 6H).86 Developmental Cell 19, 78–89, July 20, 2010 ª2010 Elsevier Inc.Although previous authors have suggested roles for long,
stable protrusions in cell-cell signaling events (Demontis and
Dahmann, 2007; Ramirez-Weber and Kornberg, 2000; Rorth,
2003; De Joussineau et al., 2003), our analysis shows that the
generation of a robust, well-ordered, and well-spaced pattern
of bristle precursors across an entire tissue requires filopodia
that are dynamic. In the case of the notum, these protrusions
are actin based, and appear to be generated through the action
of Rac and the SCAR complex (Georgiou and Baum, 2010).
Although this is unexpected, given the well-described involve-
ment of the SCAR complex in the generation of lamellipodia
(Chhabra and Higgs, 2007), there are precedents for the involve-
ment of the SCAR complex in the generation of filopodia in
Drosophila cells (Biyasheva et al., 2004). Moreover, filopodia
have previously been seen predominating in a three-dimensional
(3D) tissue context. We also note that the role described here for
SCAR-dependent protrusions in determining precursor cell
spacing is strongly supported by the recent identification of the
full complement of components of the SCAR complex (SCAR/
WAVE, Abi, Sra1, Hem/Kette, and HSPC300/Sip1) in a recent
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Dynamic Filopodia Promote SOP Pattern Refinementgenome-wide RNAi screen as genes required to maintain bristle
spacing within the notum without affecting subsequent
mechanosensory organ development (Mummery-Widmer
et al., 2009). We recently showed that loss of SCAR function
leads to the specific loss of F-actin and dynamic protrusions
within the basolateral domain without affecting cell morphology,
cell size, cell polarity, or endocytosis (Georgiou et al., 2008;
Georgiou and Baum, 2010), making it less likely that SCAR
functions by directly altering the Notch signaling pathway.
Additionally, we find that scar mutant cells within the external
sensory organ (but not RacN17 expressing cells) differentiate
correctly despite having an altered morphology (Figure 7H).
Conversely, as recently reported by the Bellen lab (Rajan et al.,
2009) and as seen in the Mummery-Widmer screen
(Mummery-Widmer et al., 2009), the Arp2/3 complex and
WASp appear to function in Notch signaling following precursor
cell division, leading to a loss of bristles from the nota of adult
flies.
Since physical tension has been shown to enhance Notch
cleavage and hence Delta-Notch signaling (Ahimou et al.,
2004), it is possible that forces generated through the retraction
of actin-based protrusions engaged in signaling could function
to enhance Notch activation (Rorth, 2003). Testing this hypoth-
esis, however, will likely have to await the future development
of tools enabling Notch cleavage to be imaged as it occurs
in vivo.
Significantly, our theoretical analysis suggests that the
dynamics of these actin-based filopodia, as measured in vivo,
could induce intermittent Delta-Notch signaling to drive a
process we define as ‘‘pattern refinement’’—whereby the self-
organizing pattern improves steadily over an extended period
of developmental time as cells undergo switches in their gene
expression profile (Figure 6; Figure S5). This theoretical predic-
tion fits with the observed shift in bristle-precursor cell patterns
observed during development of the notum (Figure 1), and the
extended period of time over which the bristle precursor pattern
remains labile, as measured using laser ablation and a tempera-
ture-sensitive Notch allele in this and previous work (Hartenstein
and Posakony, 1990). In theory, since intermittent signaling
could be generated in the absence of protrusions using cell
autonomous oscillations in Notch-Delta signaling, the oscilla-
tions seen in some other systems (Ozbudak and Lewis, 2008;
Masamizu et al., 2006) could serve a similar function—aiding
gradual pattern refinement (M.C., B.B., and M.M., unpublished
data). Dynamic filopodia, however, have several features that
make them uniquely suited to a role in pattern refinement. A
network of filopodia can be quickly established and eliminated,
and the length and direction of filopodia tuned in order to define
a precise gradient of signaling over a distance of several cell
diameters. Thus, dynamic filopodial signaling appears to be an
ideal alternative to morphogen diffusion as a mediator of
developmental signaling at a distance (Ashe and Briscoe, 2006;
Rorth, 2003).EXPERIMENTAL PROCEDURES
Dissections and Live Imaging
Live imaging was performed (Georgiou et al., 2008) with Neuralized-Moesin-
GFP, Neuralized GAL4:UAS Moesin-GFP, Neuralized GAL4:UAS Pon-GFP,DUbi-E-cad-GFP, or Neuralized GAL4:UAS Moesin-GFP; E(spl)ma-RFP pupae.
scarD37 mutant (Zallen et al., 2002) clones were generated using the MARCM
system (Lee and Luo, 2001) with Ubx-Flp (Georgiou et al., 2008). RacN17 was
overexpressed using Neuralized Gal4, with flies kept at 16C and pupae kept
at 25C from 0 hr APF. For live imaging, animals expressing the appropriate
reporter were imaged through a window in the pupal case under a drop of
injection oil via confocal microscopy at an ambient temperature. Heat shock
experiments were performed with Nts1 flies crossed to Neuralized GAL4:UAS
Pon-GFP flies, with and without heatshock.
The following primary antibodies were used for immunocytochemistry:
mouse anti-Notch (1/100, DSHB C17.9C6); guinea pig anti-Delta GP581
(1/100, gift from M. Muskavitch); rabbit anti-Sanpodo (1/2000, gift from
J. Skeath); rabbit anti-GFP (1/1000, Molecular Probes); guinea pig anti-
Senseless (1/1000, Nolo et al., 2000); and mouse anti-Cut (1/500, DSHB
2B10). Secondary antibodies from Molecular Probes were Alexa Fluor 488,
546, and 633. Images were acquired on Leica SPE or SP5 confocal micro-
scopes, and assembled using Adobe Photoshop.Mathematical Model Methods
A mathematical model was used to simulate lateral inhibition by Delta-Notch
signaling. The model, as defined by equations 1 to 3 (see main text), describes
the dynamics of signaling-mediated gene activation and inhibition that results
from cell-cell contact. Individual cells are represented as having dynamically
changing levels of Notch and Delta defined by a coupled set of differential
equations. Hill functions are used to represent the activation and inhibition of
protein production induced by intercellular interactions. The model was
applied to a 1D array of cells with a size variance based on real data (Figure 5)
to a 2D array of uniform hexagonally packed cells (Figure 6) and to a 2D array
that models realistic epithelial cell packing (Figure 3B; Figure S4). In each case,
cells were allowed to signal to their immediate neighbors. In modeling a
realistic epithelium, a 2003 200 2D array was constructed based on represen-
tative E-Cadherin::GFP labeled tissue (Figure 3C). Virtual cells were delimited
by regular finite elements in the array and cells contacting across a boundary
element were allowed to signal to one another.
Simulations were performed by numerically solving the model differential
equations for different parameter sets (detailed in Table S4) using the Euler
method. In addition, a Gaussian noise term was applied to the initial protein
concentrations as well to the concentrations at each model time step. Simula-
tions were run until a stable pattern was obtained (defined in Supplemental
Experimental Procedures). For the 1D model, pattern spacing was defined
as the distance between successive cells within a row of 100 cells (the default
size) that were high in Delta. For 2D models, the pattern density was defined as
the percentage of total cells expressing high levels of Delta in a stable pattern.
Results for the 1D and 2D case were averaged over 30 model runs to obtain
a mean and standard error.Modeling Long-Range Signaling by Dynamic Protrusions
Filopodia and/or lamellipodia were implemented in the 1D model according to
the four mechanisms illustrated in Figure 5A: (1) Apical to apical membrane
bound signaling, (2) lamellipodia to lamellipodia, (3) filopodia to lamellipodia,
and (4) filopodia to filopodia signaling. Each cell in the array was assigned
lamellipodia and fillopodia randomly selected from a normal distribution of
lengths (derived from analysis of in vivo data, see Figure S4E). The model
assumes that a signaling contact is always made between lateral extensions
sufficiently large enough to touch or overlap, so that intrarow protrusions
directly determine the maximal range of signaling in simulations.
In order to simulate protrusion dynamics, filopodia or lamellipodia were
reassigned lengths randomly selected from the Normal distribution given in
Figure S4E. At each time step, a random number generator was used to
determine whether a particular protrusion length would be updated. Thus,
filopodia lifetimes were set according to a Poisson distribution whereby the
mean lifetime could be easily adjusted by changing their update probability.
The 1D model assumes that a signaling contact is always made between
lateral extensions sufficiently large enough to touch or overlap, so that intrarow
protrusions directly determine the maximal range of signaling in simulations. In
simulations of ‘‘static’’ filopodia, a distribution of protrusion lengths was
implemented at the first time step and held fixed throughout the simulation.evelopmental Cell 19, 78–89, July 20, 2010 ª2010 Elsevier Inc. 87
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Dynamic Filopodia Promote SOP Pattern RefinementThe algorithm used to simulate filopodial signaling in the 1D model is detailed
in the Supplemental Experimental Procedures and Table S1.
For the RacN17 expression and scar mutant clones, measurements of basal
protrusions were used to parameterize the model (data in Figure S3, model
results in Figure 7G). Since Rac and Scar are required for basal protrusion
dynamics, filopodia were modeled as static in both cases. Because RacN17
was expressed from the Neuralized-Gal4 promoter, in Rac simulations defects
in basal protrusions were implemented in cells expressing intermediate or high
levels of Delta.Optimal Packing Analysis
To investigate the role of the dynamic behavior of filopodia in the development
of an optimal and well-organized pattern across a tissue (Figure 6), an analysis
was carried using an idealized hexagonally packed 2D array of 30 3 30 cells.
All cells in the field were allowed to signal to one another via apical signaling
and, where filopodial were present, via filopodial signaling over a range of
two cells (calculated as a non-Euclidean distance based on the number of
whole cells). As for the 1D model, filopodia were implemented by using
a ‘‘birth’’ and ‘‘death’’ rate at each simulation time step. In this way the average
number of connections between cells (Nbrs at R2 in Figure 6A) and the average
lifetime of each actively signaling filopodial connection could be independently
varied. The algorithm implemented to simulate the 2D optimal packing model
is detailed in the Supplemental Experimental Procedures and Table S2. As
a measure of the pattern ‘‘order’’ achieved during the course of the simula-
tions, we used the distance between each Delta expressing cell in the field
(discounting cells within 6 cell diameters of the border) and its six nearest
neighbors that were also high in Delta. This provided a measure of the average
spacing between all cells in the emergent pattern and an associated standard
deviation. The ratio of the standard deviation to the average spacing gave the
‘‘coefficient of variation’’ in this system which was taken to directly represent
a measure of the global order of the emergent pattern.SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, four tables, and Supplemental
Experimental Procedures and can be found with this article online at doi:10.
1016/j.devcel.2010.06.006.ACKNOWLEDGMENTS
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